INTRODUCTION
Deficient lap splices may have significant impacts on reinforced concrete members structural performance located in critical regions as concluded in seismic research programs undertaken following earthquakes in major cities since the 1970's. These studies have increased the level of understanding of reinforced concrete structure behaviour under alternate stress due to earthquakes and revealed some shortcomings in the design standards used until then. One of these deficiencies is the tension lap splices at the base of the columns and bridge piers where splice length is too short and confinement is inadequate. Failure modes of such structure are characterized by a fragile and sudden loss of strength which can cause the collapse [1] .
To address this lack of ductility caused by the weak confinement and too short splice length, bond strengthening techniques were developed. Increasing bond capacity of a short lap splice implies an increase of the confinement [2] . Many studies where undertaken to develop various techniques that would improve bond strength like the application of a steel or polymer jackets [3, 4, 5] . Most of these techniques are efficient and approved for circular or square columns. However, steel and polymer jacket are not effective for rectangular columns with aspect ratio exceed 2 [6] .
A research project carried out at École Polytechnique of Montreal since 2002 is aimed at developing a method for retrofitting highly rectangular bridge piers with inadequate lap splice details [7, 8] . The proposed technique uses a thin jacket made of ultra high performance fibre reinforced concrete (UHPFRC) in the lap splice regions, as illustrated in Figure 1 . The preliminary testing program showed the very high potential of this innovative strengthening technique and opened the way for further developments.
The objective this paper is to present the results of an experimental program aimed at developing an innovative seismic strengthening rehabilitation method using UHPFRC jackets to eliminate splitting failure in splice regions. The paper describes the results of the experimental carried out first on beams with deficient lap splices loaded monolithically and subsequently validated in a cyclic test where the deficient lap splice is strengthened using the proposed technique. One reference specimen was also tested. All specimens were made with conventional 35 MPa concrete using 20 mm aggregates. The splice length of the reference specimen was selected at 12 d b which is approximately half the required value required by design codes. This value was selected in order to observe a splitting failure. It is also the reference length for the strengthened specimens. The splice region of the others beams were strengthened with UHPFRC For each beam, 4 strain gauges were used to measure reinforcement strains outside the lap splice area in the constant moment region. At the strain gauge location a 150 mm long PVC tube was installed around the bars to isolate the bars from concrete in order to measure the actual bar strain at the crack. Table 1 . A three-part specimen designation was used. The first term, (R, 0, 1 or 2) refers to the reparation depth of UHPFRC below the spliced bars. This depth is expressed in bar diameter (d b ) of the specimen: 0 means that the repair extends to a depth equal to the spliced bars whereas 1 or 2 indicate a repair depth of 1 d b or 2 d b respectively below the bars. R is the reference specimen. The second term (6, 12 or 18) is the splice length express in d b . The type of loading is indicated by the third term (M or C) for monotonic or cyclic loading respectively. All specimens were reinforced with standard untreated 25 mm bars of Grade 400W (nominal yield stress of 400 MPa, weldable which guaranties a well defined yield plateau). 
UHPFRC used to enhance the splice strength was developed at École Polytechnique of Montreal and is mostly made with locally available materials [9] . It contains 3% of OL10-0.2 metal fibres (10 mm long and 0.2 mm in diameter) . The tensile strength f t , was obtained from direct tensile tests performed on UHPFRC dog bone shaped plates in order to localise cracking in a narrow section (Figure 4 ). The material is characterised by a hardening portion that extends up to 0.2% and in which micro-cracks form before localisation occurs at maximum load after which the behaviour is governed by a single crack. Reinforcing bar yield stress (f y ) was measured at 460 MPa with a well defined yield plateau whereas the ultimate strength was equal to 645 MPa. 
Test procedure
The specimens were loaded in 4 point bending using two concentrated loads at each ends to produce a constant moment region between the two interior supports. The setup was designed such that the tension lap splice was facing up, which facilitates observations and instrumentation installation. The distance between supports was 2000 mm. The symmetry of concentrated loads provided a constant moment region. The loading was interrupted at each 20 kN increments to observe the evolution of the specimen behaviour and track the progression of cracking. The specimens were brought to rupture when possible. For configurations with fully effective UHPFRC strengthening that enabled reinforcement yielding, loading was continued until reaching a deflection 5 five times yield deflection. Midspan deflection and beam-ends deflection were measured using a transducer and linear potentiometers.
In order to measure the splitting crack evolution in the concrete over the splice region, displacements sensors were installed perpendicular to the bars on top and on the side of specimens. The sensors were positioned to intercept any crack forming over the repaired zone. The reference specimen had 8 displacements sensors measuring the splitting crack opening. Specimens strengthened with UHPFRC possessed in addition to 8 displacement sensors, and strain gauges installed at the same locations as the sensors. These gauges provided pre-splitting strain data. Moreover, the crack opening of the interface between the member concrete and the UHPFRC was also measured with displacement sensors. Finally, a sensor measured the longitudinal displacement of the UHPFRC bloc.
MONOTONIC TEST RESULTS
As expected, tests results have demonstrated the effectiveness of tension lap splice strengthened with UHPFRC. Strengthened specimens all reached a high level of resistance, considerably superior to the reference specimen. Reinforcing steel of several specimens reached yielding and some of them could even not be brought to rupture due to the high ductility of the strengthening technique. Level of bond stress reached at ultimate load prior to rupture were also higher when reinforcement was strengthened with UHPFRC, indicating that tensile strength of the surrounding concrete has a direct impact on bond resistance. Figure 5 regroups specimens by splice length. The total load applied on the specimens is shown on the load-deflection curves. The repaired specimens were almost twice stronger than the corresponding references specimen, with significant ductility. The reference specimen failed by concrete splitting parallel to the spliced bars (Figure 6 ), indicating that the lap splice had reached its maximum bond capacity. In the case of four specimens, yielding occurred before the ultimate strength was reached, which indicates that the length of repair was sufficient to develop the full bar strength in tension. However, in the case of a lap length of 6 d b , the failure was brittle indicating that the lap length was insufficient to provide a ductile behaviour. Typical behaviour of UHPFRC specimens are presented in Figure 7 . No failure occurred at large deflection for splice length ≥ 12 d b and a minimum repair depth of 1 d b underneath the lapped bars. Table 2 . Results include for each specimen, maximum load P max , midspan deflection, steel stress f s , ductility ratio and the failure mode. The flexural cracks in all specimens appeared very early during loading. They appear mainly in the constant moment region outside. In the case of strengthened specimens, a crack at the interface of normal concrete and UHPFRC appeared but its opening was comparable to other flexural cracks and did not cause failure. The reference specimen suffered from splitting failure caused by the sliding of the spliced bars. Splitting cracks appeared on the top and side of the specimen. The rupture of this specimen was accompanied by a dramatic drop in load resistance.
Repairs have been remarkably effective up to a point that three specimens did not failed. The UHPFRC allowed the steel to fully develop their properties as if the specimen was constructed with continuous longitudinal bars, even with 1-12-M specimen. It was observed during testing that splitting failure crack propagated from the end of the splice zone to the inside. This observation is consistent with theories of uneven distribution of stress along the splice length and particularly maximum at the ends. It can therefore be concluded that a 12 d b splice length with a repair depth of 1 d b below the bars is sufficient to develop the required capacity of the spliced bars. This condition was tested for one specimen (Figure 3 ) tested in cyclic loading. Figure 8 presents the results of the cyclic test carried out with specimen 1-12-C ( Table 1 ). The load amplitude followed usual cyclic test protocols. The actual displacement was increased to obtain various degrees of ductility related to yield point of reinforcement.
CYCLIC TEST RESULTS
The specimen exhibited an ideal hysteretic behaviour without any sign of degradation in the strengthened zone up to a ductility ratio exceeding 5. In this case the repaired zone did not contain any stirrups. UHPFRC jacket prohibited the bars in compression from buckling. This shows that the proposed strengthening technique eliminate two failure modes observed in poorly detailed bridge piers following a severe seismic event: tensile splitting of concrete in tension leading to lap splice failure, and the buckling of longitudinal bars. 
CONCLUSION
This experimental program was designed to evaluate the contribution of UHPFRC for increasing the resistance of a tension reinforced lap splice. The influence of several parameters such as splice length, the depth of repair and type of loading were evaluated. Large specimens were fabricated and tested in a four point bending setup. Based on the testing program results, the modes of failure, loaddeflection behaviour and bond strength analysis lead to the following conclusion:
1. Plain concrete specimen failed by splitting of the concrete surrounding the splice region. This failure occurred when splitting stress reached the concrete tensile strength and when a sideor-face crack suddenly appears. Failure was sudden and characterized by a complete lost of resistance. Contrary to observations of other test series reported in literature, no progressive softening was observed despite the displacement control of the test. This can be attributed to the size of the specimens and the accumulated energy in the specimens that was suddenly released. 2. Strengthening of deficient lap splice with UHPFRC was effective. Failure by splitting of the surrounding concrete was postponed or even completely eliminated by high tensile strength and energy absorption capabilities of the UHPFRC used. It was concluded that a lap spliced of 25 mm diameter bars could be strengthened with a UHPFRC on a length of 12 d b with a repaired depth equal to 1 d b . Load-deflection behaviour of all strengthened specimens was characterized by higher load deflection than plain concrete. 3. Cyclic testing with a 12 d b long lap splice length and repaired depth equal to 1 d b exhibited an ideal hysteretic behaviour at a ductility level sufficient to meet the required performance to sustain serve seismic events.
These results clearly demonstrated the effectiveness of this reinforcement technique of lap splice with UHPFRC. Properties of the fibre concrete give strength and ductility to the critical region of a structure. Further research is needed to evaluate the effectiveness of this technique on actual bridge pier specimens.
